the varieties of nonionic headgroups have been extended to include sugars 2 4 ; sugar-based nonionic surfactants containing carbohydrate moieties within the hydrophilic head have attracted considerable attention in relation to human health and environmental areas of research. Interestingly, the cloud point in the sugar-based surfactants is not observed. Telomers, a type of polymer with degrees of polymerization of approximately 20, are obtained by the polymerization of vinyl monomers in solvents with large chain transfer constants such as alkanethiol or alkyl alcohol 5, 6 .
An advantageous feature of telomers with respect to conventional polymers is that the telomeric terminal group structure is distinguishable. Amphiphilic telomers containing both terminal alkyl and hydrophilic groups in the main polymer chains exhibit properties of both polymer-type Abstract: Amphiphilic telomers with multiple sugar chains and a terminal undecyl or heptadecyl chain (i.e., C n Am-mGEMA, where n and m represent alkyl chain lengths of 11 or 17 with a degree of polymerization of 2.0 or 3.0 for glucosyloxyethyl methacrylate (GEMA) units, respectively) were synthesized via monomeric radical telomerization in the presence of 2-aminoethanethiol hydrochloride. Surface tension, pyrene fluorescence, and dynamic light scattering were measured to characterize the solution properties of the synthesized telomers. In addition, the effects of alkyl chain length and degree of polymerization of hydrophilic GEMA units on the measured properties were evaluated by comparison with those of conventional polyoxyethylene dodecyl ether nonionic surfactants. C n Am-mGEMA telomers exhibited higher critical micelle concentration (CMC) values than polyoxyethylene dodecyl ether surfactants with similar number of hydrophilic groups did. The synthesized telomers are highly efficient in reducing the surface tension of water, despite the relatively large hydrophilic structures within the sugar units (GEMA). A unique behavior was observed in that adsorption at the air-water interface and solution aggregation occurred simultaneously at a concentration below CMC (as determined by the surface tension method). This suggests that aggregate formation occurs readily in solution along with the adsorption at the interface because of strong attractive interactions between multiple sugar GEMA chains. Further, aggregates formed by C n AmmGEMA telomers differ depending on the number of sugar chains, i.e., an increase in the degree of polymerization of the telomers increases the size of the aggregates. This indicates that it is easier for telomers with more sugar GEMA chains to form large aggregates due to the interactions between their hydroxyl groups.
surfactants and conventional surfactants. Additionally, it is expected that the amphiphilic telomers enhance their adsorption at the air-water interface as a result of increases in functional group freedom. Thus far, Yamada et al. have reported the synthesis of amphiphilic telomers with one terminal alkyl chain in combination with multiple hydrophilic groups e.g., 4-vinylpyridine, methyl acrylate, or acrylamide in the main polymer chains, and have investigated their solution properties 7 9 . However, amphiphilic telomers with low degree of polymerization values, in which multi-sugar groups are incorporated into the main chain, have yet to be reported to our knowledge. In this paper, we report the synthesis of new amphiphilic telomers with multiple sugar chains and one alkyl chain in the terminal group i.e., C n Am-mGEMA, where n and m represent alkyl chain length and degree of polymerization of glucosyloxyethyl methacrylate GEMA units, respectively; C 11 Am-2.0GEMA, C 11 Am-3.0GEMA, and C 17 Am-3.0GEMA, Am represents the amide bond . The chemical structure of the C n Am-mGEMA telomers is shown in Fig. 1 . Various properties of the amphiphilic telomers in solution were evaluated via measurements of surface tension, pyrene fluorescence, and dynamic light scattering DLS .
EXPERIMENTAL PROCEDURES

Materials
n-Dodecanoyl chloride, n-octadecanoyl chloride, 2-aminoethanethiol hydrochloride, and 2,2 -azobis isobutyronitrile AIBN were purchased from Tokyo Chemical Industry Co. Ltd. Tokyo, Japan . GEMA was kindly supplied by Nippon Fine Chemical Co. Ltd. Osaka, Japan . Acetone, N, N-dimethylformamide, ethyl acetate, hexane, and methanol were obtained from Kanto Chemicals Co. Inc. Tokyo, Japan . Pyrene, which was used as a fluorescent probe, was obtained from Tokyo Chemical Industry Co. Ltd.; pyrene was purified via several recrystallizations from ethanol. All chemicals except pyrene were of reagent-grade purity and used without further purification.
2.2 Synthesis of amphiphilic telomers with multiple sugar chains C n Am-mGEMA Telomers with multiple sugar chains and 2-aminoethanethiol in the terminal group i.e., mGEMA, where m is degree of polymerization of GEMA were synthesized via the radical telomerization of GEMA monomeric units using 2-aminoethanethiol hydrochloride, a chain-transfer agent, dissolved in methanol in the presence of the AIBN initiator under reflux for 6 h. The resultant precipitate was collected via filtration and washed repeatedly with methanol and then with acetone, yielding the mGEMA telomers as a white solid. The average values of the degree of polymerization determined by the proton ratio in the 1 n-Dodecanoyl chloride or n-octadecanoyl chloride was added to the mGEMA telomers dissolved in N, N-dimethylformamide at 0 and allowed to react for 24 h. After the solvent was removed by evaporation under reduced pressure, the residue was washed repeatedly with hexane, followed by ethyl acetate. The amphiphilic telomer with one undecyl or heptadecyl chain C n Am-mGEMA was then dried under reduced pressure. The structures were evaluated by 1 H NMR spectroscopy, with obtained chemical shifts as follows: 1 H NMR CD 3 OD : δ 0.90 3H, CH 3 -CH 2 -,
.20-3.60 4H, -CONH-CH 2 -CH 2 -S-, and 3.60-4.60 ppm 15mH, -COO-CH 2 -CH 2 -O-, protons of sugar groups .
The corresponding homo-oligomers without the terminal group were obtained via the oligomerization of GEMA monomeric units in the presence of AIBN, using the same procedure described above. Proton chemical shifts were as follows:
COO--, 1.80-2.20 3mH, -CH 2 -C CH 3 COO--, and 3.32-4.43 15mH, -COO-CH 2 -CH 2 -O-, protons of sugar groups . The degree of polymerization of homooligomers could not be determined, even with attempts at measurement using mass spectrometric methods. The oligomer ex- hibited a certain amount of water solubility; this is indicative of a low degree of polymerization.
Measurements
All amphiphilic telomer solutions were prepared using Milli-Q Plus water resistivity 18.2 MΩ cm , and the measurements were performed at 25 .
Surface tension
Surface tension measurements were performed with a Krüss K100 tensiometer using the Wilhelmy plate technique. To obtain an equilibrium surface tension value, sets of measurements were performed until the change in the surface tension was less than 0.01 mN m 1 every 60 s. The critical micelle concentration CMC and the surface tension at CMC γ CMC were determined from the breakpoint of the surface tension versus the logarithm of the concentration curve. In most cases, the surface excess concentration in mol m 2 and the area occupied by molecule A of the amphiphilic telomers at the air-water interface were calculated using the following Gibbs adsorption isotherm equations 10 :
where γ represents the surface tension in mN m 1 , R is the gas constant 8.31 J mol 1 K 1 , T is the absolute temperature, C is the amphiphilic telomer concentration, dγ/d lnC is the slope below the CMC in the surface tension plots, and N A is Avogadro s number. The Gibbs free energy of micellization and adsorption ∆G mic and ∆G ads , respectively of the telomers could be obtained from the following equations 10 :
where π CMC denotes the surface pressure at the CMC π CMC γ 0 γ CMC , γ 0 is the surface tension of water, and γ CMC is the surface tension of the telomer solution at the CMC. The pC 20 value, which is often used to estimate the adsorption and aggregation properties of amphiphilic compounds surfactants , represents the efficiency of adsorption at the airwater interface 10 . Here, C 20 represents the compound concentration required to reduce the surface tension of water by 20 mN m 1 . The larger the value of pC 20 , the greater the tendency to adsorption at the air-water interface exhibited by the surfactant. 2.3.2 Steady-state fluorescence Fluorescence measurements were performed with a Hitachi 650-10S fluorescence spectrophotometer. The spectra were recorded between 360 and 400 nm at an excitation wavelength of 335 nm, with a pyrene concentration of 3 10 6 mol dm 3 for the telomer solution. The fluorescence intensity ratio of the first 373 nm vibronic peak to the third 384 nm vibronic peak I 1 /I 3 is dependent on the pyrene molecular environment; a decrease in I 1 /I 3 ratio implies a hydrophobic environment experienced by the pyrene moiety for example, micellar structures .
Dynamic light scattering DLS
The DLS measurements were performed with the DLS-7000 Otsuka Electronics Co. Ltd., Japan using an Ar laser λ 488 nm at a scattering angle of 90 . All telomer solutions were filtered with a 0.45 μm membrane filter composed of mixed cellulose acetate prior to the measurements. For spherical particles, the diffusion coefficient extrapolated to zero concentration D 0 was converted to the apparent hydrodynamic diameter D H using the StokesEinstein relation 11 :
where k is the Boltzmann constant, T is the absolute temperature, and η is the viscosity of the solution.
RESULTS AND DISCUSSION
Surface tension properties
The C 11 Am-mGEMA amphiphilic telomers with a terminal undecyl chain showed high solubility in water, evidenced by a clear solution at both low and high temperatures. The surface tensions of the C n Am-mGEMA telomers were determined at 25 as a function of the concentration and are plotted in Fig. 2 . The surface tension for C 11 Am-2.0GEMA and C 11 Am-3.0GEMA decreased as the concentration increased, reaching a clear breakpoint, regarded as the CMC. Unfortunately, for C 17 Am-3.0GEMA possessing a long alkyl chain length, the CMC could not be obtained from the plot due to its poor solubility in water. This low solubility is thought to arise through the formation of gel materials, which are derived from the intermolecular hydrogen bonding interactions between the GEMA hydroxyl groups and telomeric amide segments. Table 1 summarizes CMC, γ CMC , Γ , and A values for C n Am-mGEMA along with the corresponding data for the conventional polyoxyethylene dodecyl ether nonionic surfactant 12 . An increase in the CMC of C 11 Am-mGEMA was accompanied by an increase in the average number of sugar moieties from 2.0 to 3.0 . This observed CMC behavior is similar to the trend exhibited by conventional surfactants. The CMC values of C 11 AmmGEMA were larger by one order of magnitude than those of polyoxyethylene dodecyl ether surfactants with nearly the same degree of polymerization in hydrophilic group. This is demonstrative of the low micelle-forming ability of the telomers, owing in part to their higher hydrophilicity compared to the corresponding polyoxyethylene-type as well as bulky molecular structures containing sugar. The C 11 Am-mGEMA telomers exhibited lower CMC values despite the presence of a short alkyl chain than those of the C 18 cationic surfactants with double or triple quaternary ammonium headgroups 1.57 and 2.18 mmol dm 3 , respectively 13 , which are similar in hydrophilic numbers. This variance in CMC is clearly based on the difference of nonionic and ionic properties of the hydrophilic groups. The C 11 Am-mGEMA telomers displayed surface tensions of 36 mN m 1 , with no observable effects related to sugar chain number. These values were found to be much smaller than those of the polyoxyethylene-type nonionic surfactants with the same polymerization number; this suggests that, despite their bulky multi-sugar chain structure, the telomers adsorb and orient themselves efficiently at the air-water interface, as is known for conventional surfactants. On the other hand, GEMA homo-oligomers with low degrees of polymerization showed a surface tension of 47 mN m 1 at concentrations above the CMC; although the materials can adsorb at the air-water interface, the accompanying surface layer structures are the result of poor packing of the long polymer chains. This indicates that both alkyl chain introduction and a decrease in degree of polymerization to 2-3 act to increase the efficiency of the surface tension reduction of water. Thus, further increases in homo-oligomer concentrations would result in a gel-like solution. Furthermore, the C 11 Am-mGEMA telomers had a relatively large occupied area per molecule in comparison with the conventional surfactants containing polyoxyethylene dodecyl ether. This indicates that the telomers are widely adsorbed at the air-water interface because of the bulkier multi-sugar units incorporated within the structure. The occupied area significantly increased as the degree of polymerization of the telomer was increased from 2.0 to 3.0, most likely due to the fact that the telomeric structure was enlarged; telomer orientation is thought to be driven by strong hydrophobic interactions between undecyl chains in the air phase and hydrogen bonding between the sugar moieties of GEMA units in the water phase, resulting in decreased surface tension. We studied adsorption and aggregation properties using parameters such as efficiency of adsorption pC 20 , standard free energy of adsorption and micellization ∆G ads , and ∆G mic . Table 1 lists the corresponding values for C n Am-mGEMA telomers. The pC 20 values of C 11 Am-mGE-MA were slightly higher than those for polyoxyethylene dodecyl ether with oxyethylene units of 3 8 pC 20 5.2 5.4 10 , showing an increase accompanying the further addition of sugar chains. These results suggest that molecular adsorption at the air-water interface for the amphiphilic telomers with more sugar chains is greater than that observed for polyoxyethylene-type surfactants. Although the absolute values of ∆G mic for C 11 Am-mGEMA were almost the same as those of polyoxyethylene-type surfactants,
Fig. 2
Variation in surface tension with telomer concentration for C n Am-mGEMA at 25℃: ▼, C 11 Am-2.0GEMA; □, C 11 Am-3.0GEMA; •, C 17 Am-3.0GEMA. Table 1 The values of cmc, surface tension at the CMC (γ CMC ), surface excess concentration (Γ ), area occupied per molecule (A), efficiency of adsorption (pC 20 ), and standard free energy of micellization and adsorption (∆G°m ic , ∆G°a ds ) for the amphiphilic telomers obtained from the surface tension plots as well as for polyoxyethylenedodecylether nonionic surfactants at 25℃. their absolute values of ∆G ads were more than twice as high as polyoxyethylene-type surfactants. The absolute values of ∆G ads for the two telomers were much higher than those of ∆G mic , compared to the case of polyoxyethylenetype surfactants. This suggests that adsorption tendencies of amphiphilic telomers with multiple sugar chains at the air-water interface are higher than their tendency for micellization. This result was supported by the reduction of surface tension and the pC 20 parameter as mentioned above. Thus, it was found that the amphiphilic telomers C 11 Am-mGEMA are adsorbed strongly at the air-water interface, with efficient molecular packing and orientation. We believe the preceding observations to be the result of strong hydrogen bonding interactions between the hydroxyl groups of sugar GEMA moieties, in spite of their large structure, thus resulting in a decrease in the surface tension.
Aggregation properties in solution
The aggregation properties of the prepared amphiphilic telomers in solution were further investigated on the basis of pyrene fluorescence intensity ratio I 1 /I 3 , and DLS measurement results. The variation in the fluorescence intensity ratio, I 1 /I 3 , as a function of the concentration of C n AmmGEMA at 25 is plotted in Fig. 3 . In general, when the I 1 /I 3 ratio is close to 1.8, the molecules are not solubilized into micelles, whereas a ratio closer to 1.2 is indicative of micellization, with pyrene solubilized inside the hydrophobic core of the micelles. The I 1 /I 3 ratio of C 11 Am-mGEMA began to decrease at concentrations below the CMC, reaching I 1 /I 3 1.2 at concentrations around the CMC, a behavior differing from that of conventional surfactants possessing a single chain and a hydrophilic group. This is believed to be indicative of aggregate formation in solution prior to telomer saturation at the air-water interface, i.e., the adsorption and aggregation processes occur simultaneously. Although the CMC for C 17 Am-3.0GEMA could not be determined from surface tension plot, the I 1 /I 3 ratio began to decrease at low concentrations, and reached approximately 1.3 at the maximum concentration necessary for telomers to be water-soluble. This observation was similar to that for C 11 Am-mGEMA telomers, with the exception of not having been saturated at the air-water interface.
To confirm the formation of aggregates at concentrations below and above CMC, DLS measurements were performed, and the variation of the apparent hydrodynamic diameter D H with concentration was investigated for C n Am-mGEMA at 25 . These results are shown in Fig. 4 a C 11 Am-2.0GEMA , Fig. 4 b C 11 Am-3.0GEMA , and Fig. 4 c C 17 Am-3.0GEMA . For C 11 Am-mGEMA, aggregates formed at concentrations below the CMC initiated a decrease in I 1 /I 3 , whose size was nearly constant within the studied concentration range. This behavior is in agreement with the results of the variation in I 1 /I 3 as mentioned above, i.e. the simultaneous process of adsorption and aggregation. Although C 17 Am-mGEMA formed aggregates at concentrations causing I 1 /I 3 to decrease, their size increased slightly with increasing concentration, in contrast to the case of C 11 Am-mGEMA. Further, the size of aggregates was affected by not only concentration and alkyl chain length of the telomer, but also the number of sugar chain moieties. The average values of apparent D H were 7.6 nm for C 11 AmmGEMA at 3.76 mmol dm 3 , 29.6 nm for C 11 Am-3.0GEMA at 2.89 mmol dm 3 , and 23.9 nm for C 17 Am-3.0GEMA at 0.141 mmol dm 3 . The aggregates formed by C 11 Am-3.0GEMA and C 17 Am-3.0GEMA had a larger size than those for C 11 Am-2.0GEMA. This signifies that higher degree of polymerization of the telomers promote the formation of aggregates due to the strong interactions through the hydrogen bonds between the hydroxyl groups in the sugar chain moieties. On the other hand, the GEMA homo-oligomer with low degree of polymerization and no terminal alkyl chain formed aggregates with a diameter of approximately 8 nm, showing that the oligomers impair aggregate formation due to the large structure caused by the comparatively longer polymer chains. It is proposed that introducing the alkyl chain in the terminal group of the telomers promotes the formation of aggregates by the hydrophobic interactions between chains, as well as interactions between multi-sugar moieties. Thus, the I 1 /I 3 ratio and DLS results showed that the telomers form aggregates in solution and simultaneously adsorb at the air-water interface, probably because of multi-sugar chains, which can easily interact through hydrogen bonding between the hydroxyl groups. These distinctive properties were also observed in previous works, and have been reported 14 .
CONCLUSIONS
In this study, we have synthesized amphiphilic telomers with multiple sugar GEMA chains and a terminal undecyl or heptadecyl chain average GEMA degree of polymerization values 2.0 and 3.0 . We investigated the adsorption and aggregation properties of the telomers via surface tension, pyrene fluorescence, and DLS measurements. The CMC values of the amphiphilic telomers were higher than those of conventional polyoxyethylene-type surfactants with nearly the same number of hydrophilic groups, and increased with the addition of sugar GEMA groups. The surface tension of C 11 telomers reached 36 mN m 1 at the CMC, analogous to conventional surfactants despite their large structures, an indication of efficient adsorption and suitable orientation at the air-water interface. In contrast, CMC values for C 17 telomers could not be obtained due to poor water solubility; a surface tension of 47 mN m 1 was observed at the highest aqueous concentration at which the materials could dissolve. Pyrene fluorescence and DLS measurements indicated that pyrene molecules were solubilized in the telomer aggregates at concentrations below the experimental CMC value. Indeed, the size of the aggregates for telomers with sugar groups having a degree of polymerization of 3.0 was larger than that for sugar groups having a degree of polymerization of 2.0; Further, the size of C 11 telomer aggregates remained constant even at concentrations above the CMC. In contrast to the behavior of conventional monomeric surfactants, these unique results indicate that aggregate formation of the amphiphilic telomers with multiple sugar chains occur simultaneously with their adsorption at the air-water interface. 
